Modeling of high-frequency capacitance-voltage characteristics to quantify trap distributions near SiO2/SiC interfaces J. Appl. Phys. 111, 094509 (2012) Intrinsic electrocaloric effect in ultrathin ferroelectric capacitors Appl. Phys. Lett. 100, 192902 (2012) Temperature dependence of frequency response characteristics in organic field-effect transistors Appl. Phys. Lett. 100, 183308 (2012) Temperature dependence of frequency response characteristics in organic field-effect transistors APL: Org. Electron. Photonics 5, 104 (2012) Additional information on Appl. Phys. Lett.
We report on the intriguing polarity-dependent kinetics of polarization switching in epitaxial BiFeO 3 (111) capacitors. Two seemingly incompatible switching kinetics were observed depending on the polarity of the applied switching bias. Under a negative switching bias, the polarization switching process occurs mainly through sideways domain wall motion, but under a positive switching bias, domain nucleation governs the polarization reversal. The modified piezoresponse force microscopy reveals these polarity-dependent ferroelectric domain evolutions. This polarity dependence of ferroelectric switching kinetics is attributed to defect-related local fields that have different distributions near film/electrode interfaces, probably due to structural relaxation in the BiFeO 3 Understanding polarization switching kinetics in ferroelectrics is of great scientific and technological importance.
1-4 It is widely accepted that polarization switching occurs via three processes: nucleation, forward growth, and sideways domain wall motion.
1 For ferroelectric epitaxial films, polarization switching is governed by sideways domain wall motion. The switching kinetics have been successfully explained using the classical Kolmogorov-AvramiIshibashi (KAI) model. [5] [6] [7] [8] On the other hand, for polycrystalline films, sideways domain wall motion is hindered by many structural defects such as grain boundaries. In this case, domain nucleation plays the most important role, and the related switching kinetics have been well described by the nucleation-limited-switching (NLS) model. 9, 10 Since the switching kinetics depend on the structural properties of the ferroelectric system, the two switching kinetics do not seem to be compatible with each other in a thin-film geometry, and there has been no report on the coexistence of the two switching kinetics in a single film.
Recently, there has been considerable study of ferroelectric domains in BiFeO 3 (BFO) films. 4, [11] [12] [13] [14] [15] BFO has a rhombohedral crystal symmetry, and its polarization is pointing along the body diagonal directions of a pseudocubic unit cell. 12 Due to the crystallographic properties, three kinds of domain walls are feasible: namely, 71, 109, and 180 domain walls. 12 Up to this point, there have been numerous reports on the interesting static aspects of BFO domain walls. [11] [12] [13] [14] [15] Since the performance of BFO thin-film devices will depend on how the ferroelectric polarization changes in time, it is important to understand kinetic evolution of their domains. However, the polarization switching kinetics in BFO thin films have rarely been investigated. 4 In this Letter, we report intriguing aspects of the polarization switching kinetics in a 200-nm-thick epitaxial BFO(111) thin film. For negative switching bias, their polarization switching kinetics are dominated by sideways domain wall motion. However, for positive switching bias, they are governed by the domain nucleation process. The possible origins of this polarity-dependent switching kinetics will be discussed.
We grew a high-quality BFO (200 nm)/SrRuO 3 (SRO) (100 nm) thin film on a (111) SrTiO 3 (STO) substrate and deposited a 40-nm-thick Pt layer for top electrodes. 16 As shown in the x-ray diffraction (XRD) data of Fig. 1(a) , the epitaxial BFO(111) film was grown with a rhombohedral symmetry.
11,15 X-ray reciprocal space mapping (RSM) was also performed around the (132) STO Bragg peak, as shown in Fig. 1 of the Bragg peak corresponded closely to the bulk value of the BFO lattice constant, i.e., 3.960 Å , in the pseudocubic notation, indicating that the BFO film became fully relaxed as it thickened.
Figure 2(a) displays the polarization-voltage (P-V) hysteresis loops of the BFO(111) capacitor at room temperature (RT) and 80 K. They are almost the same. The P-V hysteresis loop of the BFO(111) capacitor was nearly square, indicating that the nucleation and switching processes could occur in a rather narrow range of applied voltages. Furthermore, the loop also showed asymmetric values of V Cþ ¼ 5.4 V and V CÀ ¼ À7.5 V for its coercive voltages. This difference produced a positive internal bias with a potential difference of about 1.05 V, which is larger than the built-in potential of 0.5 V due to the work function difference between Pt ($5.4 eV) top and SRO ($4.9 eV) bottom electrodes. 17 Similar imprint phenomena have been commonly observed in BFO thin films. 18 We also measured the transient switching current of the BFO(111) capacitor at RT.
2, 8 Initially, we poled the BFO film to have a downward or upward polarization state. Then, we applied a switching voltage pulse V appl of opposite polarity to the poling voltage and measured the switched polarization (DP) by integrating the time-dependent switching current. By varying the width (t) of the switching pulse, we plotted the t-dependent DP, as shown in Fig. 2(b) . As t increased, DP(t) value increased as well. We found that the DP(t) curve was strongly dependent on the value of V appl . To compare the switching kinetics with opposite polarities, we used V appl ¼ 4.8 V (i.e., V Cþ À 0.6 V) and À6.9 V (i.e., V CÀ þ 0.6 V) considering the imprint of our BFO sample. As shown in the Fig. 2(b) , the DP(t) change for the positive switching bias (the open red circles) occurred much earlier (by almost an order of magnitude) in t than that for the negative switching bias (the open blue squares).
For the negative bias, it seems that the polarization switching is governed by domain wall propagation. We fitted the open blue squares in Fig. 2(b) with the KAI model. In this model, the t-dependent DP(t) can be described as
where n and t 0 are the effective dimension and characteristic switching time for the domain growth and P s is the spontaneous polarization. 2,5-7 As shown by the solid blue line, the fitted curve described our experimental data quite well. This agreement suggests that domain wall propagation provides a dominant contribution to the polarization switching. (The fitting yielded n ¼ 2.3 6 0.1 and t 0 ¼ 130 6 2 ls. The value of n was larger than 2, which also indicates the two-dimensional growth of ferroelectric domains.)
For the positive bias, it seems that the polarization switching is governed by a nucleation process. We initially tried to fit the open red circles in Fig. 2(b) with the KAI model but could not obtain good agreement. This fit line is shown in Fig. 2(c) as the solid red line. We therefore turned to the NLS model. 9 As shown by the dashed red line in Fig.  2(c) , the DP(t) data under positive switching voltage agreed with the prediction of the NLS model. For the NLS fitting, we had to use a much broader distribution in log t 0 , as shown in the inset of Fig. 2(c) . This suggests that domain nucleation in a wide range of time scale is much more important in polarization reversal under positive bias.
To visualize this change in domain kinetics, we used modified piezoresponse force microscopy (PFM). 19 The experimental details were published elsewhere. 10, 20, 21 Figure  3 (a) shows successive PFM images of t-dependent ferroelectric domain growth under negative switching bias. They show that polarization switching occurred mainly by sideways domain wall motion rather than by nucleation. This growth behavior was more evident in the overlaid PFM images, as shown in Fig. 3(c) . On the other hand, Figs. 3(b)-3(d) show successive PFM images and their overlay under positive switching bias. These indicate that domain nucleation played a dominant role in domain propagation. Considering the fact that our BFO film was of high quality and only 200-nm-thick, it is rather surprising that the governing domain kinetics under positive bias should be different from that under negative bias.
The observed polarity dependence of the polarization switching kinetics could be attributed to different defect distributions near the top and bottom interfaces and the associated local fields. Since BFO is a ferroelastic material with a rhombohedral symmetry, BFO films grown on foreign substrates, such as STO, are inevitably subject to elastic distortions. Recently, we reported that strain relaxation in vicinal BFO films is accompanied with a step bunching-induced vertical lattice mismatch between adjacent BFO layers, which induces structural defects such as misfit dislocation.
22
As shown in the x-ray RSM of Fig. 1(b) , most of the BFO unit cells are relaxed, suggesting that there should exist considerable structural defects near the top Pt/BFO interface. Furthermore, positive local internal fields induced by such defects would be expected near the top interface. 23 Therefore, under positive switching bias, lots of nuclei should be created at the many defect sites due to the positive local internal field, leading to nucleation-dominant switching kinetics. Conversely, under negative switching bias, most nucleation will occur near the bottom BFO/SRO interface. In this region, the strain due to the lattice mismatch between the BFO and SRO layers is relaxed little, so the associated structural defects should be minimal and nucleation will not easily occur. Instead, the domain wall can make lateral movements rather easily, resulting in the domain kinetics governed by sideways domain wall motion.
In summary, we reported on the polarity-dependent kinetics of polarization switching in a 200-nm-thick BiFeO 3 (111) thin film. For negative bias, sideways domain wall motion played an important role in the polarization reversal. On the other hand, polarization switching under the positive bias was dominated by domain nucleation process.
Asymmetric distribution of interfacial defects and the associated local interfacial fields might be responsible for the polarity dependence of ferroelectric domain kinetics in the epitaxial BiFeO 3 (111) film. 
